A number of steel railway bridges have been constructed in Japan. Thin steel members used for the bridges easily tend to vibrate and generate structure-borne noise. Accordingly, the number of constructions of steel railway bridges tends to decrease in the urban areas from a viewpoint of environmental preservation. Then, as a countermeasure against structure-borne noise generated from steel railway bridges, we have developed a new type of the steel railway bridge equipped with a floating-ladder track and a floating reinforced-concrete (RC) deck. As a result of train-running experiment, it became apparent that the new steel railway bridge installed by double floating system has reduced a vibration velocity level by 10.5 dB(A) at main girder web as compared with a steel railway bridge installed by directly fastened track. This reduction effect was achieved by the ladder track and RC deck supported by resilient materials.
Introduction
A lot of steel railway bridges have been constructed in Japan. The advantages of steel railway bridges are these: the feasibility of long span structure due to the high-tension strength of the steel, the ease of on-site construction, and the ease of quality control because of factory manufacturing. On the other hand, it has been pointed out that steel railway bridges generate a large amount of structure-borne noise since the bridge members have thin plate structures that are likely to vibrate. Therefore, from a viewpoint of the environmental preservation, the construction of the steel railway bridges in the urban areas tends to be avoided [1] .
As a countermeasure against this structure borne-noise, various ideas such as setting up sound-insulating walls and RC deck that intercept the noise propagation from the sources of the noise, such as the web and flange to the surroundings, or attaching resilient materials to the web and flange, have been proposed in the past. In addition to these, a method to intercept the transmission of vibrations caused by the train running in the paths between the rails and each of the members has also been suggested.
With such a background, in order to improve the insulation performance of the vibration, we have developed a double-floating steel railway bridge that is a new type of steel railway bridge. Figure 1 shows the outline of a new type of the steel railway bridge which we developed. We are assuming that this bridge is to be constructed in the urban areas. In Japan, a type of the bridge constructed in the urban area tends to be a through bridge. Therefore, the floating bridge is a type of the through bridge. This bridge is equipped with a floating ladder track [2] and a floating RC deck. The floating ladder track has a high bending rigidity of the ladder sleepers in the longitudinal direction to disperse the wheel load, and a low stiffness support of the track by resilient materials to reduce the transmission of vibrations. The floating RC deck supported by the resilient materials is a heavy mass spring system, and aims at a reduction of the transmission of vibration, mainly in frequency ranges below 100 Hz. In this research, basically, noise reduction effects were achieved by the ladder track and RC deck supported by resilient materials.
We quantitatively made clear the structure-borne noise reduction effect of the double-floating steel railway bridge which we have developed by performing impact experiments and train-running experiments. Further, applying a sound prediction technique [3] , [4] , we estimated the maximum noise level of a time-weighted characteristic (L pA, Smax ) and the equivalent noise level (L Aeq, T ).
Experiment of Structure-Borne Noise Reduction

1 Experiment method
With the present level of technology, proving the structure-borne noise reduction effects by measuring the noise emission from the actual structures is the most quantitative and accurate method. However, it is generally difficult to fix or change the operating conditions of the trains and the conditions of the track supports and structures on a commercial operation line. In addition, there are significant restrictions in carrying out quantitative evaluations from the point of view of train travel schedules and economics. Hence, the full-scale model girder was used in this study to grasp the basic properties of the structure-borne noise reduction effects. Figure 2 shows the real scale model bridge and the installed resilient material. The girder length of the double-floating steel railway bridge intended for a commercial operation line is designed to be 35 m. However, the girder length of the model bridge was shortened to 12 m, although the shape of cross section remained the same as the actual one. The double floating structure was composed of floating ladder track and the floating RC deck. The RC deck was elastically supported by the resilient materials at the crossover points of stringers and cross beams. Table 1 and 2 show the experiment cases and the material properties. In order to check the structure-borne noise reduction effect for the steel railway bridge, the impulse vibration experiment and train-running experiment were conducted on different supporting conditions for the ladder sleeper and RC deck. The train used in experiment was composed of two standard traffic line vehicles. The model's girder was installed in a sharp curve section with 180 m of curve radius, which limited the maximum speed of the train to 45 km/h. In the CASE 1 and CASE 3, a rigid support for the ladder sleeper was adopted. However, results of ladder sleeper settlement measurements during train running showed about 1.0 mm of sinkage. The model uses a quasi-directly fastened track which is not a type of a completely rigid support. 
2 Evaluation of noise experiment method
In the impulse vibration experiment, the Fourier transform was performed on the vibration acceleration measured by the accelerometer attached to the girder members (the RC deck, the upper flange, the web and lower flange of the the main girder) when we hit the rail head with a hammer. The frequency response function (referred to as ''accelerance" herein after) was used to assess the structure-borne noise reduction effect of the double-floating steel railway bridge. The accelerance was obtained from normalizing the vibration acceleration spectrum by the vibrating force spectrum. In the train-running experiment, vibration acceleration level L a was calculated from the time-series data of the vibration acceleration obtained by the accelerometer attached to the girder members. The vibration acceleration level was converted into the vibration acceleration level L v based on the equation (1).
where f is the 1/3 octave-band frequency. In general, the webs and flanges of main girder, stringer and cross beam are thought to be the sources of structure-borne noise. Additional 20 accelerometers were set in an array arrangement (a dense lattice-like arrangement). The point which was deemed to be the center of the mode was set into vibration with an impulse hammer and the vibration mode of each member was analyzed. Specifically, vibration mode candidates were chosen from the cross spectrum between the reference point and each measurement point, and a mode diagram was created based on the Fourier amplitude and phase of each candidate.
A noise meter installed along the railroad line can be used to evaluate noise levels, but this method probably includes acoustic echoes in the pit in case the noise is measured at the point distant from the back of the RC deck of the bridge model, because the bridge model is set on ground excavated to depth of about 3 m. In addition, the noise transmission path conditions from the pit to the surrounding area are quite different from those usually observed. Accordingly although the noise level at a point 12.5 m away from the track center was measured in the train-running experiment, this result was excluded in evaluating the structure-borne noise reduction effect. Figure 3 shows the measurement results of accelerance in the impulse experiment. There is a peak of main girder web accelerance at around 50 Hz. Compared with the CASE 1 with the rigid support structure, CASE 3 and CASE 4 showed the reduction effect at around 50 Hz. While cases 2, 3 and 4 indicated the reduction effect in other frequency band, CASE 4 showed the largest effect. Figure 4 shows the result of vibration mode analysis at the main girder web. The accelerometers set in the array arrangement indicate that the vibration mode at around 50 Hz is 1st mode of the main girder web.
3 Impulse hammer experiment result
In comparison with CASE 1, the RC deck accelerance is decreased in the range of 150 Hz or higher frequency in CASE 2 and at about 190 Hz in CASE 4. In CASE3, no effect is seen, and the accelerance increases in the range of 30 to 80 Hz and at around 200 Hz. The accelerance of the upper flange on the main girder decreases in the range of 400 Hz or higher frequency in CASE 2 and in the range of 50 to 600 Hz in CASE 3 compared with CASE 1. CASE 4 shows the reduction effect better than CASE 2 and CASE 3.The accelerance of the flange under the main girder decreases in the range of 200 Hz or higher in CASE 2 and in the range of 100 Hz or higher frequency in CASE 3 and CASE 4.
When the magnitude of the accelerance was examined by each member, the accelerance of the main girder web was turned out to be the largest among these of other members. The accelerance reaches the largest at around 50 Hz, which is equivalent to the 1st natural frequency of the main girder web. The effect of noise reduction in this frequency band in CASE 4 became apparent. Figure 5 shows the comparison of the non-A weighted 1/3 octave-band vibration acceleration level of each member in the train-running experiment (train speed 40 km/h). The comparison result shows that the main girder web has the largest vibration acceleration level like the result of the impulse vibration experiment, and the vibration of the main girder web is dominant. Looking at the vibration acceleration level of the main girder web, the noise reduction effect is observed in the range of 80 Hz or higher frequency in CASE 2, 3, and 4 compared with CASE 1 with the rigid support structure. In the CASE 3 and 4 with the floating RC deck, their peaks shift to the lower frequencies compared with the peak in Case1 at 60 Hz. Also the peak vibration acceleration level becomes smaller. CASE 2 and CASE 4 have almost equal vibration acceleration level in the range of 150 Hz or higher frequency, and 
4 Train-running experiment result 2.4.1 Vibration acceleration level
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Vol. 3, No. 1, 2010 CASE 2 and CASE 3 have equal vibration acceleration in the range of 100 Hz or less frequency. Therefore the reduction effect of the floating RC deck for the main girder web can be obtained in the band of 150 Hz or lower frequency. And that of the floating ladder track can be obtained in the frequency band of 100 Hz or higher frequency. Compared with the accelerance shown in the Fig.3 , the tendencies of the frequency of vibration acceleration level peaks and correlation of magnitude of values in each case were found to be quite similar to each other. Figure 6 shows the measurement results of A-weighted vibration velocity level in the train-running experiment. The vibration velocity level is calculated from the vibration (2) and considered as the proper index for the evaluation of structure-borne noise.
Vibration velocity level
where σ is acoustic radiation efficiency; ρ, density of the air; c , sound velocity; v , A weighted root-mean-square value of vibration velocity; S , acoustic radiation area. Figure 6 showed the comparison among the vibration velocity level of each member. The main girder web shows the greatest vibration velocity level, as well as the greatest accelerance and vibration acceleration levels, and it also turned out to be dominant in noise. In the following, the results from the main girder web will be primarily described.
When compared with CASE 1 with a rigid support structure, the vibration velocity level of the main girder web decreased by 7.5 dB(A) in CASE 2, by 6.1 dB(A) in CASE 3, and by 10.1 dB(A) in CASE 4, at a train speed of 40 km/h. In this way, it can be seen that by reducing the vibration velocity of the main girder web, which makes the greatest contribution to the structure-borne noise of a steel bridge, significant noise reduction effects can be achieved.
Estimation of Structure-Borne Noise Reduction
1 Estimation method
The Ministry of the Environment showed the "Guidelines for Measures against Noise for New Construction or Large-scale Modification of Conventional Railways" in 1995. These guidelines justify an examination of equivalent sound levels in order to evaluate influence of the new construction or large-scale modification of the conventional railway on the environment along the railway line [5] . The equivalent sound level is a physical index which enables the evaluation of the noise frequency and continuance and is widely used not only for railways but also for road traffic. Thus, in this study, evaluations were made using the equivalent sound level as well as the peak noise level. Focusing on the vibration velocity of the main girder web, which largely contributes to the structure-borne noise of the steel railway bridge, in reference to the experiment results of the previous chapter and the reference [6] , we estimated the peak noise level and the equivalent sound level using the sound source analysis method [4] and evaluated each CASE shown in Table 1 . As shown in the equation (2), the radiated sound power is generally influenced by the acoustic radiating area of the member. Therefore, it is reasonable that the main girder web (1.25 m×1.28 m) which has the largest acoustic radiating area among the members of the steel rail bridge is to be chosen for evaluation.
The conditions for estimating the noise level are described below. First, the structure-borne noise power should be proportional to the cube law of the train speed. The vibration velocity levels of the main girder obtained in the measurement are converted to those corresponding to 50, 60, 70 and 80 km/h, which are the speeds selected with consideration the operating speed of a conventional train line. Then, the radiated sound power level from the main girder web is calculated referring to the reference [4] . The peak noise level and equivalent sound level are estimated in the same way as the reference [6] . The peak noise level is an average of measured values for each train speed since the vibration velocity level obtained in the measurement is converted to that corresponding to each train speed as mentioned above. An equivalent sound level at a point 12.5 m away from the track center is calculated under conditions that the train length is 120m and the number of train each day is 180. Figure 8 shows the estimation results and the measurement results of peak sound level at the position 12.5 m away from the center of the bridge for each CASE. Figure 8 compares the estimated values obtained from Fig.7 with the measured values of the conventional steel railway bridge which has a structure similar to the model girder and support conditions equivalent to CASE 2 in order to verify the estimated values. Among the noises generated by the conventional train operation, rolling noise and main motor fan noise are the main kinds to be considered [1] . However, because the section measured was a straight line and there are some reports that the contributing rate of steel railway bridge structure-borne noise exceeds that of the rolling noise [3] , it is considered that the measured values include the structure-borne noise largely contributed by the main girder web. Accordingly although the estimated value only considers the influence of the main girder web, this can be considered as a reliable one. By comparing the estimated value with the actual measured value in CASE 2, a reliability of the estimated value was confirmed. For further reference, Fig.8 also shows the measured value of the RC rigid-frame bridge with directly fastened track using resilient sleepers (measured at a position 100 m away from the steel-through girder to the direction of the point of origin kilometer post in a straight line). The double-floating steel railway bridge developed in this study the possibility of reducing the structure-borne noise to a level equal to or less than that of the RC rigid-frame bridge with directly fastened track using resilient sleepers. 
2 Estimation result
Conclusion
The following summarize the findings obtained in the study.
(1) The results of the impulse vibration experiment with the full-scale model girder proved that the double-floating structure could reduce the peak value of the accelerance, which is the natural frequency of the main girder web, when compared with a rigid support structure. The floating ladder track and floating RC deck indicated a noise reduction effect in the range of 100 Hz or higher frequency and of 50 Hz to 100 Hz respectively. The double floating structure encompasses the effects of both of these. (2) In the impulse vibration experiment with the full-scale model, the main girder web was found to be the member which generated the largest accelerance. The dominant frequency of the main girder web is about 50 Hz, which is found to be the first-order natural frequency by the mode analysis with accelerometers set in the array arrangement. (3) By the train-running experiment with the full-scale model girder, the noise reduction effects was quantitatively assessed from the standpoint of the vibration velocity level of the main girder web, which is closely related to the structure-borne noise. When compared with the rigid support structure, the vibration velocity level decreased by 7.5 dB(A) with the floating ladder track, by 6.1 dB(A) with the floating RC deck, and by 10.1 dB(A) with the double-floating structure when train ran at 40 km/h. These reduction effects were achieved by the ladder track and RC deck supported by resilient materials. (4) Based on the noise estimation method and the train-running experiment results above, the peak noise level and equivalent sound level at a point 12.5 m away from the track center were estimated. The peak noise level and the equivalent sound level of the double-floating structure were lower than those of the rigid support structure by 10.5 dB(A) and by 10.4 dB(A) respectively.
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